We report on an effort to extract and monitor interstellar scintillation parameters in regular timing observations collected for the NANOGrav pulsar timing array. Scattering delays are measured by creating dynamic spectra for each pulsar and observing epoch of wide-band observations centered near 1500 MHz and carried out at the Green Bank Telescope and the Arecibo Observatory. The ∼800-MHz wide frequency bands imply dramatic changes in scintillation bandwidth across the bandpass, and a stretching routine has been included to account for this scaling. For most of the 10 pulsars for which the scaling has been measured, the bandwidths scale with frequency less steeply than expected for a Kolmogorov medium. We find estimated scattering delay values that vary with time by up to an order of magnitude. The mean measured scattering delays are similar to previously published values and slightly higher than predicted by interstellar medium models. We investigate the possibility of increasing the timing precision by mitigating timing errors introduced by the scattering delays. For most of the pulsars, the uncertainty in the time of arrival of a single timing point is much larger than the maximum variation of the scattering delay, suggesting that diffractive scintillation remains only a negligible part of their noise budget.
INTRODUCTION
The interstellar medium (ISM) consists partly of ionized plasma, which interacts with pulsar radio emission. This has several effects on pulsar signals, and will impact the times of arrival (TOAs) of the pulses at Earth. One such effect is dispersion, which occurs when the radio wave propagates through a column of free electrons in the ISM and is characterized by a frequency-dependent time delay. The delays are proportional to DM × ν −2 , where the dispersion measure, DM, is the integrated column density of free electrons and ν is the observing frequency. Since the pulsar and the ISM have different relative velocities, the DM of a pulsar is not constant in time. By observing pulsars at two or more separate frequencies, the DM variations can be tracked and corrected for in the data (e.g., Demorest et al. 2013; Lee et al. 2014) .
In contrast to dispersion, which would be present in a completely homogeneous medium, scattering arises when radio waves travel through an inhomogeneous medium. Multi-path scattering manifests itself in several ways, including diffractive intensity scintillations and pulse broadening. Diffractive scintillation effects were first observed in pulsars by Lyne & Rickett (1968) , and are the effects in focus in this paper. The basic model usually used to describe diffractive scintillation assumes that the ISM is a thin screen of plasma, located between the pulsar and the observer (Scheuer 1968) . As the signal propagates through the screen, inhomogeneities in the plasma introduce phase perturbations that are correlated over a scintillation bandwidth, which is inversely proportional to the scattering timescale. These perturbations are also known as scattering delays. The scintillation pattern, and hence the scattering timescale, of a pulsar can change drastically over time (Hemberger & Stinebring 2008) . Similar to the case of DM variations, the relative velocities of the pulsar and the ISM give rise to the time variable scattering delays. The scaling of the scintillation parameters with frequency is often described as that of a Kolmogorov medium, with the scintillation bandwidth, ∆ν d ∝ ν 4.4 , and the scintillation timescale, ∆t d ∝ ν 1.2 (Cordes et al. 1985) , although it has been shown that some sources have scaling indices that deviate from these (e.g., Löhmer et al. 2004; Bhat et al. 2004 ). These observed deviations may not necessarily be indicative of a non-Kolmogorov spectrum, but may be due to the size of the dominant scattering region transverse to the line of sight (Cordes & Lazio 2001) .
In a Pulsar Timing Array (PTA), millisecond pulsars (MSPs) are observed in an effort to detect nanohertz gravitational waves. The North American Nanohertz Observatory for Gravitational Waves (NANOGrav) uses the 100-m Green Bank Telescope (GBT) and the 300-m Arecibo Observatory (AO) to observe ∼40 MSPs every 7−28 days. To succeed in detecting gravitational waves, it is necessary to obtain as high a timing precision as possible, over a long time span. The achievable timing precision of MSPs is continually increasing with longer data sets and improved instrumentation. This makes it ever more important to understand all nongravitational wave effects, to improve the sensitivity of PTAs to gravitational waves.
As described above, the perturbations caused by interstellar scintillation, as well as the perturbations from DM variations, limit the timing precision for all pulsars. Some pulsars will be more affected than others, however, depending on the properties of the ISM along their line of sight. Most MSPs in PTAs have been chosen partly due to having a low DM, and hence it is expected that scattering will only contribute to a small part of the total timing error for these pulsars. However, accurately correcting for ISM perturbations needs to be done carefully, so as not to introduce additional errors. To correct for DM variations, nearly simultaneous observations with at least two separate frequency bands at widely spaced center frequencies are used. Because of the different frequency scaling of dispersion and interstellar scattering, by only correcting for DM variations systematic errors are introduced into the timing procedure (see Appendix A). One important caveat to this correction procedure is that measurements at different observing frequencies sample different parts of the interstellar medium . This significantly affects DM measurements and could also affect interstellar scintillation measurements for some pulsars.
A number of authors have addressed the issues of measuring scintillation parameters and mitigating ISM effects previously. A few examples include and , who analyzed DM variations and scintillation parameters for pulsars in the Parkes Pulsar Timing Array (PPTA). Their observations were carried out at three different frequencies: a 64-MHz band centered at 685 MHz, a 256-MHz band centered at 1369 MHz, and a 1024-MHz band centered at 3100 MHz . Some of the pulsars in the PPTA sample are also observed by NANOGrav and a comparison of the results is included in this work. In a different paper, Gupta et al. (1994) studied the scintillation properties of 8 pulsars over a 16 month period with the Lovell telescope at Jodrell Bank, using a 5-MHz band centered at 408 MHz. They found that the observed fluctuations in the spectra could be explained as refractive modulation of the diffractive scintillation parameters. Bhat et al. (1998) analyzed scintillation parameters for 20 slow pulsars with low DM (< 35 pc cm −3 ), using observations at a 9-MHz frequency band centered at 327 MHz at 10−90 epochs spanning ∼100 days. They report large fluctuations in both diffractive scintillation timescale and bandwidth, with variations of a factor of 3−5 for most pulsars in their sample.
In this paper, we analyze the magnitude and variation of interstellar scattering delays in regular NANOGrav timing observations to investigate the effect of interstellar scintillation and its contribution to the total noise budget for this important set of pulsars.
DATA
This paper makes use of data from regular NANOGrav timing observations. The data are all included in the latest NANOGrav data release (9-year dataset; Arzoumanian et al. 2015) , and here we use a sub-set spanning ∼3.7 years for data from GBT and ∼1.7 years for data from AO. The exact MJD range of the data used for each pulsar is shown in Table 1 , together with observational properties of the pulsar as well as of the ISM along the line-of-sight to the pulsar. We have focused on observations carried out at a center frequency of ∼1500 MHz for 20 pulsars at GBT and 19 pulsars at AO. Two of the pulsars (J1713+0747 and B1937+21) are observed with both telescopes.
At GBT, the data are collected with the FPGA-based spectrometer GUPPI (Green Bank Ultimate Pulsar Processing Instrument) using coherent dedispersion techniques. The observations are carried out over a frequency band of 800 MHz centered at 1500 MHz, divided into 1.5625-MHz wide frequency channels. All observations are ∼30 minutes in length and are folded in real time with 15-s subintegrations.
At AO, we are using data collected and coherently dedispersed with the PUPPI (Puerto Rico Ultimate Pulsar Processing Instrument) backend. Here the observations are conducted over a 700-MHz bandwidth centered near 1500 MHz, divided in 1.5625-MHz wide channels. The data are recorded in 1-s subintegrations (or 10-s subintegrations for observations before MJD∼56540) for ∼30 minutes per pulsar and epoch.
At the start of each observation, a polarization calibration scan is performed by injecting a 25-Hz noise diode for both polarizations. Once during each epoch and for each observing frequency, a flux calibrator (B1442+101) is observed. For the analysis in this paper, total intensity profiles have been used, by summing the polarizations of the calibrated data (Arzoumanian et al. 2015) .
The GUPPI and PUPPI backends provide substantially larger observation bandwidths compared to previously used backends ASP (Astronomical Signal Processor) and GASP (Green Bank Astronomical Signal Processor), which both had 64-MHz bandwidth capacity (e.g., Demorest et al. 2013) . The wider bandwidths not only result in higher timing precision due to a higher signal-to-noise value for the pulsar signal overall, but they also provide a larger number of scintillation maxima and minima over the observed band. The wide-band observations carried out with GUPPI and PUPPI prompted a need to investigate the effect of interstellar scattering delays, and are essential for the analysis in this paper.
ANALYSIS
We have created and analyzed 2-dimensional dynamic spectra of each 1500-MHz observation for each of the NANOGrav pulsars, following a procedure similar to that described in Cordes (1986) unless otherwise stated (e.g. for part of the delay uncertainties as described in eq 3 below). A dynamic spectrum displays how the intensity of the pulsar signal varies with time, t, and observing frequency, ν. Each point in the spectrum is calculated by
where P bandpass is the total power of the observation as a function of observing frequency, and P on and P off are the power in the on-and off-pulse part of the pulse profile respectively. The on-pulse part is here defined as all bins in the summed pulse profile that have an intensity > 5% of the maximum intensity, after smoothing the original 2048 pulse profile bins down to 64 bins. This is done for each observation of each pulsar. An example of a dynamic spectrum can be found in the top panel of Fig. 1 
where C 1 is a constant with value ranging 0.6−1.5 (Lambert & Rickett 1999 ) depending on the geometry and spectrum of the electron density fluctuations. Here we assume C 1 = 1. The uncertainties of the scattering delay measurements consist partly of a "finite scintle error" and partly of the uncertainty of the least-square fit of a Gaussian to the ACF, which are added in quadrature to get the total uncertainty. The finite scintle error is calculated as
where N scint is the number of scintles, T and B are total integration time and total bandwidth, respectively, and η t and η ν are filling factors in the range 0.1 − 0.3, here set to 0.2 (Cordes & Shannon 2010) . Since commonly for our observations T ∆t d , the first term in Equation 3 is approximately equal to 1 and hence depends only on values related to the bandwidth.
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A positive consequence of the wide bandwidth observations is the larger numbers of scintles observed compared to observations with narrower bandwidths. However, it also implies large differences in the scintillation bandwidths measured at the lowest part of the band compared with the higher part of the band, which in turn causes problems when creating ACFs. This is only problematic if the collected data span a large range in frequency. Current methods to calculate scintillation parameters were developed for narrower bands, and do not provide a direct solution to the scaling issue. To resolve this, we have developed a method to "stretch" the spectra to a reference frequency based on how the scintillation bandwidth scales with observing frequency.
To investigate the scaling, we divided the wide bandwidth observations into four equally sized sub-bands. The scattering delays inferred from the measured scintillation bandwidths of 18 If T ≈ ∆t d , implying that the first term would be equal to 1.2, we would be slightly underestimating N scint and hence slightly overestimating the scattering delay uncertainties. was fitted to the data to calculate the scaling index, ζ. An example of a scaling index measurement is given in Fig. 2 . Noting that the number of scintles in each sub-band drastically changes with observing frequency, which could potentially affect this analysis, we also tried dividing the band up into four parts with the same number of scintles per band instead of a set bandwidth. The result of this exercise agreed well with the set bandwidth method, and hence the values reported here are all calculated from 200-MHz sub-bands.
This method was used to measure scaling indices for 10 of the NANOGrav pulsars. The remaining pulsars all have either too wide scintillation bandwidths to get reliable measurements in a 200-MHz band, or too narrow scintles to get resolved scintillation bandwidths with the 1.5625-MHz frequency channels. However, in an effort to keep the number of variables to a minimum, we choose to use a scaling index as predicted in a Kolmogorov medium (ζ stretch = 4.4) in the stretching even for the sources with a measured ζ-value. This choice is also based on the observation of possible variable scaling indices between epochs (see Sec 5.4), and hence using a measured scaling index from one epoch in the stretching of another epoch may bias the dynamic spectrum analysis. In addition, comparisons show that the consequences of using a fixed ζ stretch are smaller than the other statistical uncertainties on the scattering delay measurements.
Hence, each dynamic spectrum was stretched using a scaling index ζ stretch = 4.4, by rescaling the frequency axis and setting the reference frequency, ν ref , to the center of the band. The result is an 800-MHz wide dynamic spectrum with evenly-sized scintles that all refer to the same observing frequency. We calculated ACFs of these stretched spectra and derived from them the scintillation bandwidths that are used in the remainder of this paper. See the bottom panel of Fig. 1 for an example of a stretched spectrum.
RESULTS

Scaling over the observed frequency band
Using the sub-banding method described in Sec. 3, we have successfully measured scaling indices for 10 of the 37 NANOGrav MSPs. These values are given in Table 2 . For most of the pulsars, the scaling index is lower than that for a Kolmogorov medium (ζ = 4.4). In addition to the variation Notes.
Flux density values at 1400 MHz (S1400) are average values from the calibrated timing observations. Scattering delays from the NE2001 model (τ between different pulsars, the scaling index for a particular pulsar may not necessarily be constant in time and ideally also this variation should be monitored. However, it has proven difficult to measure scaling indices at most epochs because scintles are not visible in all of the sub-bands, or because radio frequency interference is severely affecting parts of the band. Only a few of the pulsars have multiple scaling index measurements (for further discussion, see Section 5.4).
Scattering delay variation
Interstellar scattering delays (τ d ) for all NANOGrav pulsars are given as the weighted average over all observing epochs in Table 1 . For comparison, values for the predicted scattering delay and refractive timescales given by the NE2001 model for free electrons in the ISM (Cordes & Lazio 2002) are listed for all the pulsars. In addition, the table includes the maximum variation measured (∆τ d = τ d;max − τ d;min ), together with the median TOA uncertainty resulting from timing. Comparing these values can give insight into the feasibility of correcting the timing residuals for scattering delays for a particular pulsar (see Sec. 5.5 for more details).
Two typical observations are shown in Fig. 3 , with the top dynamic spectrum displaying narrow scintles for PSR J1910+1256 with ∆ν d ≈ 3 MHz and the bottom dynamic spectrum showing wide scintles for PSR J2317+1439 with ∆ν d ≈ 34 MHz. Examples of scattering delay variability can be found in Fig. 4 , where all NANOGrav pulsars with (2) 56018 7 J2010-1323 3.9(4) 56095 10 4.4(1) 56250 10 1.9(4) 56352 9 1(1) 56472 9 3.1(5) 56523 23 J2145-0750 3.1(2) 56195 6 FIG. 4.-Scattering delay variations (top panels) and DM variations (bottom panels) for pulsars with at least ten scattering delay measurements. All DM values measured within the same time span for each pulsar are included, even for epochs where no scattering delay measurement was possible. The DM values are measured in data from at least two separate frequency bands in the 9-year dataset. For each pulsar, the correlation coefficient, r, between the two variations is given in the parentheses in the top panel. In addition, the noise-corrected modulation index of the scintillation bandwidth is given as m b for each pulsar (see Equations 4 and 5). Previous work on scintillation properties of pulsars has been carried out at various radio frequencies. To compare the scattering delays in this paper with previously published values, we need to scale all values to a common observing frequency. This introduces large uncertainties, since the comparison will be largely dependent on the chosen scaling law and, as shown in this paper, the measured scaling indices are not only different for different pulsars and hence observing directions, but may also vary with time (as discussed in more detail in Sec 5.4). Nevertheless, a comparison with previously published values is listed in Table 3 , by scaling the published scattering delays to their value at an observing frequency of 1500 MHz, using a scaling index ζ = 4.4.
In some cases, the previously published values show large discrepancies with the values in this work. and both list scintillation parameters for millisecond pulsars in the Parkes Pulsar Timing Array, some of which are also included in the NANOGrav array. The values in Keith et al. have already been scaled to a common observing frequency of 1500 MHz, while Coles et al. list the actual frequency of each observation. Some of the values from Coles et al. were measured at an observing frequency ν obs = 1369 MHz, and these values agree better with our measurements than the rest of the pulsars in Coles et al., which suggests that the choice of scaling index may be an issue. Another explanation for the discrepancy is the variation of scattering delay over time (see Fig. 4 ), which is also observed by Coles et al. Similarly, Bhat et al. (1998) observed variations of the scintillation bandwidth of a factor of 3−5 when analyzing scintillation parameters of slow low-DM pulsars. In the data presented here, we observe delays with a variation of up to an order of magnitude.
In the cases where the published values are τ d 1 ns, the values measured in this work are always larger. This is likely due to the limited bandwidth of the data, which allows only the observations with higher scattering delay values in the distribution to be resolved. Many of the values published before 2001 are very similar to the corresponding value from the NE2001 model. This is expected, since in the creation of the electron density model, as many scattering delay measurements as possible were included (Cordes & Lazio 2002) and hence these early measurements were likely used as input to the model.
Comparison with the NE2001 model
The most comprehensive and frequently used model of the free electrons in the Galaxy is the NE2001 model (Cordes & Lazio 2002) . In addition to predicting distances to pulsars from their DM values, this model also estimates the scintillation properties from a position and a DM value. The scattering delays predicted for the NANOGrav pulsars by the model are listed in Table 1 .
These values have also been plotted against the average measured scattering delays in Fig 5. The horizontal dotted lines show the minimum and maximum measurable delays in the data, while the diagonal line shows equality of the measurement to the model. In general, the measured values are slightly higher than the predictions. It is known that the model predictions have large associated uncertainties, in particular at higher Galactic latitudes, where the numbers of sources with known distances and DM are low.
For some of the pulsars, no measurement was possible, e.g., due to too narrow or too wide scintles. All but two of these non-detections are predicted to lie close to the detection lim- its of the data, and hence it is not surprising that no scattering delays have been measured for these pulsars. One exception is PSR J0645+5158, which has τ d;NE2001 = 6.2 ns at 1500 MHz. Manual inspection of the dynamic spectra obtained for this pulsar shows that in the few observations with scintles strong enough to be detected, radio interference contamination caused errors in the ACF calculation. By eye, we estimate a scintillation bandwidth of ν d ≈ 100 MHz, which corresponds to τ d ≈ 1.5 ns. The other exception is PSR J1832-0836, with τ d;NE2001 = 18 ns at 1500 MHz. This pulsar is a recent addition to the NANOGrav array, and only 10 observations at 1500 MHz are included in the 9-year data release. Even by manually inspecting the dynamic spectra for PSR J1832−0836, no scintles are detected, which is likely due to the low flux density of the signal.
For the pulsars with τ d;NE2001 1 ns, the measured scattering delay is much larger than the model delay. It is possible that there is an underlying structure of wide scintles that are too wide to detect in this dataset, and what is measured here are small modulations on top of the larger structure. Another possibility is that the NE2001 model largely underestimates the amount of scattering in the direction of these pulsars, which are all at high Galactic latitudes where the model is known to have large uncertainties (e.g. Gaensler et al. 2008; Chatterjee et al. 2009 ). For the cases where the τ d;NE2001 -values are close to 1 ns, we may only be detecting the highest values in the distribution of delays. Since the bandwidth of the observations is limited, the true mean τ d -values may be lower than what we can measure. A similar argument can be applied to the τ d;NE2001 -values close to the maximum delay limit, where the limited frequency resolution would permit detection of only the lower parts of the delay distributions. In addition, the delays in particular observations may be underestimated for pulsars close to the maximum limit, since a strong scintle with true ∆ν d smaller than the channel bandwidth would still be measured as being one channel wide.
Interstellar medium variations
The measured values of τ d are plotted in Fig. 4 as a function of observing day for all pulsars with at least 10 measured
scattering delay values. To analyze the delay variability we have calculated a modulation index for the scintillation bandwidth for each pulsar, defined as the RMS fluctuations of ∆ν d divided by its average value (Bhat et al. 1999 ) and given by
(4) where ∆ν d is the average scintillation bandwidth, N obs is the number of measurements, and ∆ν d,i is the scintillation bandwidth at the ith epoch. The measurement error on ∆ν will induce an apparent increase in the modulation indices, that needs to be corrected for. Following Bhat et al. (1999) , we calculate corrected modulation indices as Both of these pulsars have only a small numbers of scintles in each observation, which contributes to the large uncertainty in the scattering delay measurements, as seen in Fig. 4 , and hence are excluded from further modulation index analyses. For the remaining pulsars, m b;noise m b;measured , so the corrected modulation is approximately equal to the measured modulation.
These modulations of the scintillation bandwidths, and hence the scattering delays, could originate from refractive scintillation effects. The theoretical model of the observable modulation effects due to refractive scintillation are highly dependent on the form of the density spectrum, which can be written as
for values of the spatial wavenumber, κ, between inner and outer cutoffs in spatial scale sizes of the density irregularities in the ISM (Armstrong et al. 1995) . Here C 2 n represents the scattering strength and β is the density spectral index, which for a Kolmogorov spectrum is equal to 11/3. For β < 4, the corresponding scaling over the observed frequency band is
and hence for a Komogorov medium, ζ = 4.4 (Cordes & Shannon 2010) . The scattering measure is defined as
which can be simplified to
with units kpc m −20/3 if the scattering delay, τ d , is given in seconds and the distance, D, is given in kpc (Cordes et al. 1991) . Romani et al. (1986) presented a theory for the refractive effects in a few special cases using power-law forms of density spectra with different spectral indices. In the case of a Kolmogorov spectrum and considering scattering in a thin screen halfway between the observer and the pulsar, the modulation index for the scintillation bandwidth is given by
where ν obs is the observing frequency in GHz, D is the distance to the pulsar in kpc and C 
where ∆ν d is given in MHz, D is given in kpc and the observing frequency, ν obs , is given in GHz (Rickett 1977; Cordes 1986) . Calculating the theoretical modulation indices for the pulsars in Fig. 4 , using pulsar distances from parallax measurements where available 19 and otherwise as given by the NE2001 model (Cordes & Lazio 2002) , results in values ranging 0.15 ≤ m b ≤ 0.20. If the density spectrum is not Kolmogorov in shape, but rather has β > 11/3, the fluctuations are expected to be independent of the observing wavelength, but give larger modulation than a Kolmogorov spectrum. For β = 4.0 the theoretical m b ≈ 0.35 and for β = 4.3 the theoretical m b ≈ 0.57 (Romani et al. 1986; Bhat et al. 1999) .
Comparing the corrected modulation indices with the theoretical ones, all of the measured m b -values are larger than those predicted for a Kolmogorov medium. This does however not necessarily mean that the density spectrum is not Kolmogorov. Instead, if the ISM in these directions is not well described by a thin screen, but rather as an extended Kolmogorov medium, that would explain the larger observed modulation.
We can also approach this discussion from the other direction, by looking at the measured scattering delay frequency scaling. Many of the measured scaling indices in Table 2 are smaller than that expected for a Kolmogorov medium, even within the errors, and similar trends have been shown in previous work by other authors. In an effort to measure pulse scattering broadening of slow pulsars, Bhat et al. (2004) observed a number of pulsars at a minimum of two different frequencies with the Arecibo telescope. Indeed, for most of their sources, they measured a scaling index ζ < 4.4. By using their results together with previously published values, Bhat et al. inferred an empirical frequency scaling index of 3.9±0.2. Following the discussion above, the smaller observed scaling indices agree well with the larger modulation observed in our data.
Dispersion Measure variations
The only ISM effect usually corrected for in high-precision pulsar timing is the DM and its variations. Since dispersion and scintillation both arise from the same interstellar structures in each observation, it is tempting to assume a correlation between the variations of the two delays. We have compared the scattering delay and DM variations by calculating correlation coefficients for all pulsars in Fig. 4 . The DM values are measured using the DMX method in the pulsar timing software TEMPO 20 . In this procedure, the DM(t) function is treated as piecewise constant, and an independent DM value is fitted for over successive 14-day windows, in a simultaneous fit with all other timing model parameters. This is similar to the procedure used in Arzoumanian et al. (2015) , ex-cept here only data from the GUPPI and PUPPI backends are used. It is known that timing using the DMX method absorbs some of the other ISM effects in addition to the DM variation (see Section 5.5 and Demorest et al. (2013) ). Even so, some correlation between the two variations could be expected. A correlation coefficient, r, is given for each pulsar in their respective panel of Fig. 4 , calculated by comparing DM values and scattering delays from epochs with a measured scattering delay only. None of the pulsars show any convincing correlation. Some of them even show trends of being anticorrelated, which is probably a result of small number statistics. The highest possibilities of correlation between the DM and scattering variations are for pulsars with fewer measurements, suggesting that the r-value might decrease with the addition of more data points.
Recently, Coles et al. (2015) found so-called Extreme Scattering Events (ESEs; Fiedler et al. 1987) in data collected for the Parkes Pulsar Timing Array. These are characterized by a sudden, large change in DM occurring simultaneously with a decrease in scintillation bandwidth. We find no such events in the data presented here. A more comprehensive study of DM variations of the NANOGrav MSPs will be published elsewhere (Jones et al., 2015, in prep) .
Modulations of the frequency scaling index
For some of the pulsars in the sample, we have measured the frequency scaling at multiple epochs. The resulting values are listed in Table 2 , together with the MJDs of the relevant observations. A large range of scaling values were measured, varying between observing epochs for the same pulsar. To investigate the variation further, we chose to focus on the measurements for PSR J1614-2230, for which the resulting scaling values vary between 2 ζ 6. When measuring the scaling, the entire observing band is divided up in four sub-bands, as described in Sec. 3. Generally, only a small number of scintles are found in each of the sub-bands, implying large uncertainties on the individual measurements of ∆ν d , which could be an issue when estimating the scaling. Another complication with a small number of scintles is that the result might be biased by where within each sub-band the brightest scintle falls. To investigate this issue, each observation of PSR J1614-2230 with a measured ζ was analyzed again, by marking the frequency of the brightest scintle in each sub-band and recalculating ζ based on the new frequency values. Comparing the new scaling index values to the original ones show a small shift towards the average value of ζ, but not enough to explain the large variations. We conclude that while some of the fluctuations in ζ are likely real, most of the variations seen may disappear if wider bands were available to assure a larger number of scintles in each sub-band. 5.5. Possibility of increased timing precision In theory, it should be possible to use the scattering delay information to correct the TOAs at each epoch before fitting the data to the timing ephemerides, and in that way increase the timing precision for each pulsar in the array. Here, we are interested in the difference between scattering delays included in TOAs for each pulsar and have calculated a maximum variation of the delays ∆τ d = τ d;max − τ d;min . To investigate which pulsars may be suitable for a correction analysis, we compare ∆τ d to the median TOA uncertainty, i.e., the median precision of each TOA measurement. These values are listed in Table 1 for each of the NANOGrav pulsars. Investigation of these values shows that for most of the MSPs, the measured scattering delay variation is so much smaller than the TOA uncertainties that any correction will be buried in the timing errors. This is partly because the highest scattering delays (and hence narrowest scintillation bandwidths) are unresolved in the 1.5-MHz channel data, which means that the scattering delays will show up as an additional measurement uncertainty that we cannot single out with this dataset.
For almost all of the pulsars, the TOA precision needs to be improved by around one order of magnitude before the measured scattering delays will be of the order of the TOA uncertainties. Two pulsars in the list are exceptions: PSRs B1937+21 and J1910+1256. The scintillation bandwidths for PSR B1937+21 are very close to (or visibly narrower than) the channel bandwidth for many epochs, and hence the scattering delay values for this pulsar may be largely underestimated. Therefore, to test the correction hypothesis, we used scattering delays measured for J1910+1256 only. We created a set of corrected arrival times by subtracting the frequency scaled scattering delays from the corresponding subband TOA. We then separately analyzed the original and corrected TOA measurements by fitting the timing parameters in the currently best ephemeris, and creating residuals from which the timing precision of each set is determined.
When using this method to analyze the data for J1910+1256, the resulting root-mean-square residual for the corrected set did not show any improvement in comparison to the uncorrected set. In addition, we applied the noise budget analysis described in Arzoumanian et al. (2015) to the data for PSR J1910+1256 and found no difference in the noise properties between the uncorrected and scatter-corrected TOAs. We conclude that the variations in the scattering delays of J1910+1256 are too small compared to the TOA uncertainties to produce any improvement in timing precision when corrected for.
Another important aspect to keep in mind regarding interstellar scattering delays is the scattering contamination due to dispersion delay correction (Foster & Cordes 1990; Cordes & Shannon 2010; . Scattering is usually ignored in high-precision timing analyses, but DM variations are fitted for by correcting multi-frequency TOAs to infinite frequency at the Solar System barycenter. As shown in Appendix A, this effect can magnify the impact of scattering delay variations by a factor of several. Thus, even though the scattering delay variations in the 1500-MHz band are small, scattering may still be contributing significantly to the timing error if its effects are ignored in the DM correction procedure.
During the last few years, an increasing effort has been made to use the signal-processing tool cyclic spectroscopy (CS) to estimate pulse broadening times and scattering delays by determining the impulse response function of the ISM as well as the intrinsic pulse profile for a pulsar observation (Demorest 2011; Walker et al. 2013) . The CS technique is a powerful tool as it allows higher frequency resolution over the observing band and hence provides measured scattering delays with much higher accuracy, compared to the filter bank approach conventionally used for pulsar observations. However, it is important to note that for most of the pulsars reported on here, where τ d σ TOA , the CS technique would give similar results to the dynamic spectra technique used for this paper. This is because even with higher frequency resolution, the scattering delay values would be of the same magnitude regardless of which technique is used to measure them. CS may be applicable for observations with very narrow scintillation bandwidths which normally occurs at low observing frequencies and/or for high DM pulsars, as has been shown for PSR B1937+21 (Demorest 2011). 6. CONCLUSIONS We measure scintillation bandwidths for the NANOGrav pulsars at multiple epochs by creating dynamic spectra of wide-band GUPPI and PUPPI data. The scintillation bandwidths are then converted into scattering delays and analyzed for their variation over time. The delays are found to vary significantly. The large fluctuations of ∆ν d give modulation indices higher than expected for a Kolmogorov medium, suggesting that the density spectrum of the ISM is steeper than a Kolmogorov spectrum, or alternatively that the ISM is not well described by a thin screen in the direction of the sample pulsars. The mean values of the measured scattering delays are often found to be slightly higher than the corresponding values in the NE2001 electron density model. The wide bandwidths of the receivers have allowed for an analysis of the scaling of scattering delays with observing frequency. The scaling indices measured are in most cases smaller than that expected for a Kolmogorov medium and may also vary with time.
The maximum variation of the scattering delays can be compared to the timing precision of each pulsar, to investigate whether the timing of a particular pulsar would benefit from correction for scattering delay variations. For most of the pulsars in the NANOGrav array, σ med TOA ∆τ d , implying that the scattering delay variation has only a small effect on the measured TOAs, and a correction analysis would likely not significantly improve the timing precision, as shown by a trial analysis with PSR J1910+1256. However, even if the scattering delays in the 1500-MHz band are small, the DM correction procedure may contribute to scattering contamination of the TOAs from lower frequency bands, increasing the timing error from scattering variations by up to a factor of ∼20 for the NANOGrav data.
With longer time spans and more sensitive instruments, pulsars are being timed with higher and higher precision. Over the next few years, noise budget constraints for high precision timing pulsars will be increasingly important (e.g., Dolch et al. 2014 ) and better correction for ISM contributions will improve sensitivity to gravitational waves. Implementation of frequency-dependent modeling of the pulse profile in wideband timing (e.g., Pennucci et al. 2014 ) may account for part of the scattering delays discussed in this paper. An analysis of simultaneous removal of DM and scattering delays as well as inclusion of wide-band timing techniques should be carried out moving forward. In addition, with the development of a reliable procedure to correct for ISM delays, higher scattering pulsars may be considered as potential PTA pulsars, and would help in increasing the number of pulsars suitable for inclusion in PTAs.
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